Abstract: Pulsed electromagnetic field (PEMF) influenced the viability of proliferating in vitro peripheral blood mononuclear cells (PBMCs) isolated from Crohn's disease patients as well as acute myeloblastic leukemia (AML) patients by induction of cell death, but did not cause any vital changes in cells from healthy donors. Experiments with lymphoid U937 and monocytic MonoMac6 cell lines have shown a protective effect of PEMF on the death process in cells treated with death inducers.The aim of the current study was to investigate the influence of PEMF on native proliferating leukocytes originating from newly diagnosed acute lymphoblastic leukemia (ALL) patients.
INTRODUCTION
The etiology of ALL is complex, with genetic (inherited susceptibility) and environmental (ionizing radiation) factors contributing to leukemogenesis (genomics) [1] . Several congenital genetic abnormalities have been linked to predisposition to childhood ALL, lending support to a genetic basis for ALL susceptibility children with Down syndrome (constitutive chromosome 21 trisomy) are at a significantly elevated risk of developing acute leukemia, particularly AML and ALL with somatic cytokine receptor-like factor 2 (CRLF2) lesions [2, 3] . T-cell acute lymphoblastic leukemia (T-ALL) represents about 15% of pediatric ALL cases and is generally associated with unfavorable clinical features and aggressive biologic behavior such as higher risk for primary resistant disease, early relapse and isolated central nervous system relapse compared with B-progenitor ALL patients [4] [5] [6] [7] . The prognosis of T-ALL in children and adolescents has improved in recent years as a result of more intensive chemotherapy approaches, but it remains worse compared to B-lineage acute leukemia, especially in the presence of a poor initial response to therapy [8] [9] [10] . Current understanding of the molecular pathogenesis of T-ALL has allowed identification of several oncogenes aberrantly expressed in different subgroups of pediatric T-ALL, such as TLX1, TAL1, LYL1, TLX3 and HOXA genes [11] . Even if many studies have reported promising results, unfortunately the improvement in understanding the biological background of pediatric T-ALL has not yet triggered comparable development of novel molecularly directed therapies that may improve patients' prognosis [12] [13] [14] [15] [16] . In acute lymphoblastic leukemia and acute myeloid leukemia the BCL-2/BCL-xL/BAX and the RAS/RAF/MEK/ERK (MAPK) pathways are often deregulated. A result of molecular alterations of these pathways is uncontrolled cell growth and survival, ultimately resulting in oncogenic transformation and progression. Aberrant expression of BCL-2/BAX and MAPK leads to therapeutic resistance [17, 18] . The observation that both MAPK and BCL-2/BAX signaling play a central role in the pathogenesis of human cancer suggests that this kinase cascade represents a novel opportunity for the development of new anticancer targeted therapies designed to be less toxic than conventional chemotherapy [19, 20] . In previous studies carried out with PBMCs isolated from AML patients and stimulated with a pulsed electromagnetic field (50 Hz, 45 ± 5 mT) in cell culture, we have shown that PEMF caused decreased viability of leukocytes in analysis of flow cytometry parameters measured as early apoptosis, late apoptosis and necrosis [21] . The aim of our current study was to investigate cell death induction upon pulsed electromagnetic field (7 Hz, 30 mT) stimulation of lymphocytes isolated from peripheral blood of ALL patients and evaluate changes in mRNA levels of BCL-2 family genes as a reliable prognostic indicator in ALL and other apoptosisrelated genes potentially responsible for pathogenesis.
MATERIALS AND METHODS

Patients' characteristics
The study included 20 children: 8 boys (B) and 12 girls (G) with newly diagnosed ALL (18 B-ALL, 2 T-ALL) in the Department of Pediatric Oncology and Hematology of the Jagiellonian University Medical College, the age range was 1-7 years with median 3.5 for boys, 1-17 years with median 5.0 for girls; Table 1 . Blood samples obtained at initial diagnostic workup before the start of the treatment were used in this study. The experiments were performed with the approval of Jagiellonian University Bioethics Committee and the agreement of parents or patients over 16 years of age.
Isolation of PBMCs
PBMCs were isolated from 2 ml samples of heparinized blood of 20 patients taken for a medical reason by a standard Ficoll-Paque (Pharmacia, Sweden) density gradient procedure [29] , washed with RPMI medium (Gibco, USA) and adjusted to 10 x 10 6 cells/ml in RPMI culture medium supplemented with L-glutamine + gentamicin (0.2 M and 50 mg/ml) and 10% human AB serum (both reagents from Sigma-Aldrich, Germany) heat inactivated.
PBMC cultures
PBMCs (0.2 ml aliquots, cell at densities 6 x 10 6 cells/ml, 4 x 10 6 cells/ml, 2 x 10 6 cells/ml, 1 x 10 6 cells/ml, 0.5 x 10 6 cells/ml) were seeded in triplicate into 96-well culture plates and incubated at 37°C in a humidified atmosphere containing 5% CO 2 for 24 h. Pulsed electromagnetic field stimulation was started for the first time on the 24 h old cultures of PBMCs.
Magnetic stimulation
The generator (made and provided by the Institute of Electron Technology, Cracow, Poland) produced a pulsed electromagnetic field of frequency 7 Hz at a flux density of 30 mT inside the cell culture incubator. The choice of this frequency of PEMF was related to the following reasons: the heating effect is minimal; power devices generate EMF with such frequency. The mentioned frequency was also selected to relate with magnetic fields parameters used in magnetotherapy, for instance. The 96-well plate with cells was placed in the generator pocket. The field was applied three times for 4 h per stimulation with 24 h intervals between stimulations. The control samples were in the same incubator but at a distance of 35 cm from the generator, additionally protected with an aluminum foil shield.
Cell death evaluation -annexin V-PI assays for apoptosis 24 h after the third PEMF stimulation of the PBMC culture, cells were harvested, washed twice with cold PBS (Sigma-Aldrich, Germany) and resuspended in 1x binding buffer (1.0 mmol/l HEPES [4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid], pH = 7.4, 140 mmol/l NaOH, 2.5 mmol/l CaCl 2 ) (BD Biosciences, USA) stained with annexin V and propidium iodide (PI) and evaluated for apoptosis by flow cytometry according to the manufacturer's protocol. Briefly, cells at density 1 x 10 6 cells/ml were stained with 5 μl of annexin V-allophycocyanin conjugate (APC) and 10 μl of PI (5 μg/ml) in 1 x binding buffer, gently vortexed and incubated for 20 min at room temperature in the dark (BD Biosciences, USA). Prior to flow cytometric analysis, 400 μl of 1x binding buffer was added and cells were analyzed on a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) using Cell-Quest software. Annexin V-APC was used to quantitatively determine the percentage of cells within the population that were undergoing apoptosis. Propidium iodide as a standard flow cytometric viability probe was used to distinguish viable from non-viable cells. Annexin V-APC positive cells were analyzed as apoptotic. Annexin V-APC and PI staining cells were either in the end stage of apoptosis or undergoing necrosis and were analyzed as already dead. PI stained cells were necrotic. Controls to set up compensation and quadrants encompassed unstained cells, cells stained with annexin V-APC alone (for FL-4 fluorescence) and with PI alone (detected in FL-3). A minimum of 10 000 events were collected on each sample.
Extraction of RNA and reverse transcription PCR As described before, 24 h following the third stimulation the cells were harvested and total cellular RNA was isolated using Trizol Reagent (Invitrogen, CA, USA) according to the manufacturer's recommendation. After precipitation, RNA was resuspended in RNase-free water (HyClone Laboratories, Inc., USA), and its concentration was estimated by absorbance at 260 nm wavelength with NanoDrop 1000 (Thermo Fisher Scientific Inc., USA). The RNA A 260 /A 280 ratios were between 1.6 and 1.8. Semiquantitative reverse transcription (RT)-PCR was performed using 2 μg of total RNA and a One-Step RT-PCR kit (Qiagen, Germany). The sequence of used specific primers (Sigma-Aldrich, Germany) is collected in Table 2 . The GAPDH gene was used as a control for adjusting the relative amounts of total RNA between the samples. The RT-PCR applied was 30 min at 50°C for reverse transcription and 15 min at 95°C for Hot Star Taq DNA polymerase activation. Omniscript and Sensiscript reverse transcriptases inactivation and cDNA template denaturation were followed by 40 cycles consisting of 1 min denaturation at 94°C, 1 min of annealing at 50-68°C dependently on Tm of the used primer, and 2 min of extension at 72°C. The program was terminated by a final extension of 10 min at 72°C. The RT-PCR reaction was performed in a TProfessional Basic Gradient thermal cycler (Biometra, Berlin, Germany). Amplified products were detected by electrophoretic analysis on 2% agarose gel (Bio-Rad, Hercules, CA, USA) stained with 0.5 μg/ml ethidium bromide (Bio-Rad, Hercules, California, USA) followed by examination under UV light using a UV transilluminator (Vilber Lourmat, France) and analyzed by PhotoCapt software (Vilber Lourmat, France). Location of predicted PCR products was confirmed using O'Gene Ruler 50 bp DNA Ladder (Fermentas Life Sciences, San Francisco, CA, USA) as a standard size marker.
Statistical analysis
Data were expressed as mean ± standard deviation (SD) and compared using Student's t-test, considering P < 0.05 as significantly different.
RESULTS
PBMCs isolated from blood of newly diagnosed ALL patients were cultivated at a range of different culture densities 6 x 10 6 cells/ml, 4 x 10 6 cells/ml, 2 x 10 6 cells/ml, 1 x 10 6 cells/ml, 0.5 x 10 6 cells/ml) for 4 days. From the second day of the culture, cells were stimulated three times with low energy PEMF (7 Hz, 30 mT) for 4 h per day at 24-hour intervals. After the last PEMF stimulation, cells were stained with annexin V and propidium iodide dye for flow cytometry analysis. The percentage of early apoptotic cells obtained after PEMF exposure was 14.26 (± 7.56)% vs 9.82 (± 5.27)% unstimulated with PEMF control PBMCs for 6 x 10 6 cells/ml density; 15.6 (± 8.7)% vs 12.18 (± 6.46)% for density 4 x 10 6 cells/ml; 12.12 (± 5.74)% vs 9.35 (± 4.74)% for density 2 x 10 6 cells/ml; 13.1 (± 8.41)% vs 9.97 (± 7.75)% for density 1 x 10 6 cells/ml, and 13.35 (± 5.41)% vs 10.62 (± 5)% for density 0.5 x 10 6 cells/ml; Fig. 1 . 
PEMF treatment influences change in apoptosis-related gene expression
The analysis of expression of the apoptosis-related genes in reverse transcription-PCR assay revealed changes in mRNA of genes engaged in the intrinsic apoptotic pathway and the pathway with AIF abundance upon PEMF stimulation of PBMCs. The most influenced was expression of BAX, BCL-2, AIF and CASP9 genes; Fig. 4 . In cultures stimulated with PEMF, BAX, CASP9 and AIF gene mRNAs were upregulated, but BCL-2 gene mRNA was downregulated. ENDO G mRNA and mRNAs of proliferatory and cell cycle regulatory genes such as c-MYC or p21 were detected with the same intensity of bands in the case of PEMF-stimulated cell cultures and unstimulated ones without visible differences in their expression upon PEMF treatment (data not shown). PEMF stimulation of peripheral blood lymphocytes isolated from ALL patients in in vitro cell culture induced cytogenetic effects such as an increased early and late apoptosis rate of cultured lymphocytes as well as changes in mRNA of genes engaged in regulation of apoptotic pathways. Fig. 4 . Expression of mRNA apoptosis-related genes in PBMCs from ALL patients stimulated with PEMF (PEMF) and not stimulated with PEMF, control (C). RT-PCR products on agarose gels stained with ethidium bromide (described under Materials and Methods).
DISCUSSION
Previously, we reported that the damaging PEMF effect exerted on PBMCs isolated from AML patients depends on cell density, and induced apoptosis was strongest at medium but necrosis at the highest density of cultivated cells [21] .Our main findings strongly supported the hypothesis that PEMF activated the death pathways in proliferating cells and were consistent with Gluck et al. [22] . They reported that 50 Hz, 3.5 mT pulsed electromagnetic fourfold stimulation of the U937 line inhibited proliferation of cells at about 85% of the initial cell concentration. We have also observed that PEMF caused apoptosis of PBMCs originating from patients with Crohn's disease and changed secretion of cytokines, but did not trigger cell death induction in leukocytes from healthy donors. Leukocytes treated in vitro with mitogens under PEMF influence were more susceptible to apoptosis than non-dividing cells, and the cell death depended on the dose of PEMF [23] . The U937 lymphoid cell line was tested to prove PEMF-induced cellular interaction. In order to elucidate mechanisms responsible for cell death after PEMF, we stimulated U937 cells with the apoptosis-inducing agent puromycin, prior to PEMF exposure. Puromycin treatment combined with simultaneous PEMF exposure reduced the cell death rate. Threefold PEMF exposure increased cell viability by about 25%. The results showed the protective effect of PEMF on death induction in puromycin-treated cells [24] . In order to elucidate the influence of pulsed electromagnetic field stimulation on cell viability and apoptosis induction, the monocytic cell line MonoMac6 as the experimental model and several apoptosis inducers with different mechanisms of death induction (puromycin, colchicine, cyclophosphamide, minocycline and hydrogen peroxide) were chosen. All of them except cyclophosphamide diminished PEMF-induced apoptosis. The analysis of expression of apoptosis-related genes in MonoMac6 culture confirmed our hypothesis that PEMF induced apoptosis in MonoMac6 cells by two different apoptosis pathways. Reverse transcription of polymerase chain reaction results revealed changes in mRNA genes engaged in the intrinsic apoptotic pathway and the pathway with AIF abundance. The most affected by PEMF interaction was expression of genes belonging to the pro-apoptotic family of Bcl-2 and the gene belonging to the caspase independent pathway -apoptosisinducing factor (AIF) [25] . Thus our current study aimed to research the effect of a low-intensity electromagnetic field (7 Hz, 30 mT) on natively proliferating leukocytes isolated from patients with acute lymphoblastic leukemia. The obtained data revealed induction of early and late apoptosis in cultivated lymphocytes from children with ALL after three-fold PEMF cell treatment. The increase in the annexin V positive population of PBMCs was much higher than in non-stimulated cells, and annexin V and propidium iodide positive cells after PEMF treatment were more abundant.
The opposite effect was observed in the case of the necrotic parameter: threefold PEMF stimulation cased slight inhibition of necrosis in cell cultures. Analysis of mRNA genes engaged in intrinsic and endoplasmic reticulum apoptosis pathways revealed changes in expression of BCL-2, BAX, CASP9 and AIF upon PEMF stimulation. PEMF treatment of PBMCs from ALL patients caused enhanced expression of mRNA proapoptotic genes, and diminished the antiapoptotic family member BCL-2 gene. Studies of Lai et al. [26] showed that exposure (acute -2 h, 60 Hz, and flux densities 0.1, 0.25, and 0.5 mT) of brain neurons to extremely low frequency electromagnetic fields in in vivo experiments enhanced free radical activity via the Fenton reaction and triggered single-strand and double-strand DNA breaks. DNA damage that accumulates in cells over a period of time could be the cause of cell death, aging and even slow-onset diseases. There are also several biophysical hypotheses which attempt to verify interactions between electromagnetic fields and living cells. The ion cyclotron resonance theory is corroborated by our data indicating that BCL-2 proteins are possibly responsible for interactions exerted by the electromagnetic field on ALL originating leukocyte viability. Existing studies of ALL patients have also yielded conflicting results. Aref et al. [27] reported that BCL-2 expression at the time of diagnosis was correlated with responsiveness to induction chemotherapy, but not to patient outcome. Conversely, studies of Coustan-Smith et al. found no association between BCL-2 levels and disease aggressiveness or resistance to therapy [28] . Similarly, although high expression of BAX was associated with increased risk for relapse in one study [29] , other researchers have suggested that the BAX/BCL-2 ratiorather than individual BAX or BCL-2 levels -may be a more reliable prognostic indicator in ALL [30, 31] .
CONCLUSION
Experiments with PBMCs isolated from ALL pediatric patients with detectable blasts in peripheral blood samples, cultured in vitro and stimulated with PEMF, revealed that a pulsed electromagnetic field induced cell death of lymphocytes measured by flow cytometry parameters and triggered changes in expression of apoptosis-related genes. Taking into consideration the numerous side effects of chemotherapy and complex genetic abnormalities, PEMF could have possible clinical application as alternative/additional therapy affecting disease-related genes.
